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RESUMEN
/DXUEDQL]DFLyQDOFDPELDU ODVSURSLHGDGHVGH ODVXSHU¿FLHPRGL¿FDGHPDQHUDVHQVLEOHHOEDODQFHGH
UDGLDFLyQ\FRQHOORHOFOLPDFLWDGLQRSRUORTXHVHSURSXVRFXDQWL¿FDUHVHEDODQFHHQGLIHUHQWHVFREHUWXUDV
VXSHU¿FLDOHVSDUDYDULRVGtDVGHOPHVGHDJRVWRGHHQXQDFLXGDGiULGDGHOQRURHVWHGH0p[LFR6HHVWLPy
HODOEHGRGHFDGDVXSHU¿FLH\DOJXQDVRWUDVSURSLHGDGHVGHODDWPyVIHUDORFDOFRPRHOtQGLFHGHFODULGDGDW-
PRVIpULFDK0\ODHPLVLYLGDGDWPRVIpULFDİatm/DVVXSHU¿FLHVHQODVTXHVHUHDOL]DURQODVPHGLFLRQHVIXHURQ
DVIDOWRFRQFUHWRSROLHVWLUHQRFRQSLQWXUDHODVWRPpULFDEODQFD33(%DUFLOOD\FpVSHG6HHQFRQWUyTXHSDUD
XQFLFORGHKGHPHGLFLyQHOPD\RUYDORUSURPHGLRGHUDGLDFLyQQHWDIXHSDUDHODVIDOWR:P–2), 
\HOPHQRUYDORUSURPHGLRSDUDHO33(%:P–2). Los valores estimados de albedo varían de acuerdo 
FRQODVXSHU¿FLHPLHQWUDVTXHORVGHK0 y İatmGHSHQGHQGHODVFRQGLFLRQHVDWPRVIpULFDVSUHYDOHQWHV$SDUWLU
de las mediciones se propusieron modelos estadísticos preliminares de la radiación neta en función de la 
UDGLDFLyQVRODUHQWUDQWH\ODUDGLDFLyQQHWDGHRQGDFRUWDHQFRQWUiQGRVHHQWRGRVORVFDVRVFRH¿FLHQWHVGH
determinación superiores a 0.97. Se analizan las probables implicaciones de los resultados encontrados en 
el medio urbanizado.
ABSTRACT
'XULQJWKHSURFHVVRIXUEDQL]DWLRQGLIIHUHQWVXUIDFHSURSHUWLHVVLJQL¿FDQWO\DOWHUWKHUDGLDWLRQEDODQFH7KLV
paper attempts to quantify this balance over different surface types in an arid city of northwest Mexico over 
several days in August 2011. The albedo of each surface type, as well as local atmospheric properties such 
DVWKHDWPRVSKHULFFOHDUQHVVLQGH[K0DQGDWPRVSKHULFHPLVVLYLW\İatm), were estimated. The surfaces on 
which measurements were performed were asphalt, concrete, polystyrene painted with white elastomeric 
SDLQW3:(3FOD\DQGJUDVV,WZDVIRXQGWKDWIRUDKF\FOHRIPHDVXUHPHQWWKHKLJKHVWDYHUDJHYDOXH
RIQHWUDGLDWLRQZDVIRUDVSKDOW:P–2DQGWKHORZHVWDYHUDJHYDOXHZDVIRU3:(3:P–2). 
Estimates of albedo values vary depending on the surface, whereas K0 and İatm are dependent on prevailing 
atmospheric conditions. From these measurements, preliminary statistical models of net radiation as a function 
RILQFRPLQJVRODUUDGLDWLRQDQGQHWVKRUWZDYHUDGLDWLRQZHUHSURSRVHG)RUHDFKPRGHOWKHFRHI¿FLHQWVRI
GHWHUPLQDWLRQZHUHKLJKHUWKDQ:HGLVFXVVWKHOLNHO\LPSOLFDWLRQVRIWKHUHVXOWVIRXQGIRUWKHXUEDQ
planning of the city.
Keywords: Radiation balance, net radiation, shortwave radiation, longwave radiation, albedo, atmospheric 
emissivity, atmospheric clearness index.
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1. Introduction
Net radiation is a fundamental driver of climate in 
the lower layers of the atmosphere, and its effects 
depend on both the structure and composition of the 
atmosphere and the presence of clouds, in addition 
to surface characteristics such as albedo, emissivity, 
temperature, moisture and the thermal properties of 
XQGHUO\LQJVRLO.HVVOHUDQG-DHJHU,WLVDOVR
the driving force for many physical, dynamic, and bi-
ological processes, including warming of the soil and 
air, photosynthesis, and evapotranspiration, the latter 
being important for the quality and yield of crops and 
WKHSODQQLQJRIZDWHUUHVRXUFHV%HQQLHet al., 2008; 
Ji et al., 2009; Li et al., 2009; Geraldo-Ferreira et al., 
2011; Ayoola, 2014). 
Net radiation is also important in studies of 
surface energy balance, where its magnitude is 
mainly related to sensible and latent heat flux 
.DOWKRII et al. 7KH UHODWLRQVKLS EHWZHHQ
radiation and surface energy balance is important 
IRUXQGHUVWDQGLQJXUEDQFOLPDWHVRUPLFURFOLPDWHV
FDXVHGE\YDU\LQJVXUIDFHW\SHV$UQ¿HOG
The spatial heterogeneity of urban landscapes leads 
to a non-uniform transmission and distribution of 
energy radiation. Because the urban area is a com-
plex physical interface, the thermodynamic and 
NLQHWLF SURSHUWLHV RI WKH XQGHUO\LQJ VXUIDFHPD\
be substantially changed by modifying the physical 
FKDUDFWHULVWLFV RI WKDW VXUIDFH :DQJ DQG*RQJ
2010; Cui et al., 2012). These factors result in cities 
that have unique climatic characteristics. 
Many previous studies have examined rural-ur-
ban radiation differences using climate models, 
models of terrestrial ecosystems, or computational 
ÀXLGG\QDPLFVPRGHOV+RZHYHUWKHVHVWXGLHVKDYH
combined the radiation differences produced by 
WKHKHWHURJHQHLW\RIWKHXUEDQODQGVFDSHPDNLQJ
LW GLI¿FXOW WR H[SODLQ WKH HQHUJ\ WUDQVIRUPDWLRQ
from different surfaces and to accurately simu-
late micro-climatic characteristics within a city 
*UROHDXDQG0HVWD\HU,QDGGLWLRQGXHWR
the variety of factors involved, observations from 
weather stations cannot effectively distinguish the 
effects of underlying surfaces on components of 
WKHUDGLDWLRQEDODQFH:KLWHet al., 1978; Christen 
and Vogt, 2004). Despite its importance, net radi-
ation is measured at a limited number of standard 
meteorological stations because net radiometers are 
expensive instruments and require constant care in 
WKH¿HOG7KHUHIRUHWRJDLQDEHWWHUXQGHUVWDQGLQJ
of the effects that different horizontal surfaces have 
on radiation balance and the subsequent effect on 
the surrounding environment, an experimental 
campaign was conducted in Mexicali, an arid city 
LQQRUWKZHVW0H[LFRRQ¿YHGLIIHUHQWVXUIDFHPDWH-
rials. Using measurements gathered from this study, 
we postulated preliminary statistical models of net 
radiation as a function of incoming solar radiation 
and net shortwave radiation, as well as estimates of 
biophysical characteristics such as albedo, atmo-
spheric clearness index, and atmospheric emissivity. 
The implications of the results on urban planning 
are discussed. 
2. Methodology
In the following section, we discuss the procedures 
and materials used during this study, including the 
experiment site and its construction, mathematical 
models used to estimate biophysical properties, and 
WKH WKHRUHWLFDOEDFNJURXQG UHJDUGLQJQHW UDGLDWLRQ
models.
2.1 Experimental campaign
The experiments were conducted at the Engineering 
Institute of the Autonomous University of Baja Cal-
ifornia, located on a campus in Mexicali, Mexico 
1:PDVO0H[LFDOL KDV DGU\
arid climate with extremely hot summers and cold 
winters and is one of the hottest cities in Mexico, with 
average maximum temperatures in August of 42 &
Mexicali receives 90% of the maximum potential 
hours of daylight each year and a mean annual 
UDLQIDOORIDSSUR[LPDWHO\PP*DUFtD&XHWRDQG
6DQWLOOiQ6RWR
Radiation balance data and weather information 
were collected by the staff of Applied Climatology. 
Observation equipment was installed on the roof of 
the Engineering Institute. The study area contained 
mixed-use land, but the experimental design allowed 
us to measure the relevance of each surface. A wood-
en drawer with dimensions of 1 × 1 × 0.55 m was 
placed on a platform 1.5 m away from the roof of the 
EXLOGLQJ7KHGUDZHUZDVSUH¿OOHGZLWKQDWLYHVRLO
and overlaid with the following surfaces: asphalt, 
concrete, polystyrene with white elastomeric paint 
3:(3 FOD\ DQG JUDVV$W D KHLJKW RI P
IURPHDFKVXUIDFHDQ15UDGLRPHWHU+XNVHÀX[
Thermal Sensors), which measures four components 
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RI WKH UDGLDWLRQ EDODQFHZDV LQVWDOOHG )LJ  
The purpose of installing the NR01 radiometer at 
WKLVKHLJKWPZDVVRWKDWWKHORZHUVXUIDFHRI
this instrument could “see” the underlying surface 
practically without interferences due to the pres-
ence of other nearby obstacles. This is because the 
radiative transfer is governed by the geometry of a 
VXUIDFHUDGLDWLRQPHDVXUHPHQWLHWKHXSZHOOLQJ
SDUWDQGUHÀHFWHGSDUWRIDQHWUDGLDWLRQPHDVXUH-
ment) and can be expressed in terms of measurement 
height and radial separation from the nadir point 
RIWKHPHDVXUHPHQW6FKPLG7KHUDGLDWLRQ
source area, or view factor, of the lower surface of 
the NR01 radiometer was estimated accordingly 
with Anthoni et al.DV
Rmax = zWDQ 
RmaxUHIHUVWRWKHPD[LPXPUDGLXVWKDWLVVXI¿FLHQW
to capture 99% of the upwelling radiation contribu-
tions, and zLVWKHPHDVXUHPHQWKHLJKW] P
The estimation of RmaxZLWK(TJDYHDYDOXHRI
PZKLFKFRUUHVSRQGVWRWKH¿HOGRIYLHZRIWKH
lower surface of the NR01 radiometer. 
Another net radiometer, an NRQ*7.1 model by 
5DGLDWLRQ DQG(QHUJ\%DODQFH 6\VWHPV 5(%6
6HDWWOH:$ZDV LQVWDOOHGDW WKHVDPHKHLJKW z = 
0.20 m) to compare the measures realized with the 
NR01 radiometer. Each surface was measured for 
a full 24-h cycle over several days in August 2011, 
which is one of the warmest months in this part of 
Mexico, and so far there have not been replicas of 
these measurements in other months of the year. 
The temperature of each surface was measured with 
DQ6, LQIUDUHG WHPSHUDWXUH VHQVRU 6,,76
Campbell Sci.) that provides a non-contact means 
for measuring the surface temperature of an object. 
It senses the infrared radiation being emitted by the 
target with an absolute accuracy of ± 0.2 C in the 
UDQJHRI±WRC, and its response time to chang-
es in the target temperature is less than 1 s.
2.2 Radiation balance
The energy balance components were measured and 
the partial net all-wave radiation parameterization 
1$53 XWLOL]DWLRQ VFKHPHRYHU DOO VXUIDFH W\SHV
2IIHUOHet al.ZDVHPSOR\HG7KHUDGLDWLRQ
budget for a horizontal surface, called net radiation, 
LVJLYHQLQ:P–2DQGZDVHVWLPDWHGE\(T7KH
net radiation Q* is due to the difference between 
GRZQZHOOLQJ VKRUWZDYH UDGLDWLRQ KĻ UHÀHFWHG
VKRUWZDYH UDGLDWLRQ KĹ GRZQZHOOLQJ ORQJZDYH
UDGLDWLRQ LĻ DQG XSZHOOLQJ ORQJZDYH UDGLDWLRQ
LĹ7KHQHWVKRUWZDYHÀX[GHSHQGVRQWKHLQFLGHQW
solar radiation KĻDQGRQWKHVXUIDFHDOEHGRĮ7KH
QHW ORQJZDYHÀX[GHSHQGVXSRQ WKHGRZQZHOOLQJ
longwave radiation LĻ VXUIDFH HPLVVLYLW\ İs, and 
radiating temperature Ts:
Q* = KĻ±KĹLĻ±LĹ
 ±Į) KĻLĻ±^±İs) LĻİsıTs4}
 ±Į) KĻİsLĻ±ıTs4 
7KH VXUIDFH FKDUDFWHULVWLFV FULWLFDOO\ LQÀXHQFH
Q*. In the previous equation, ıs refers to the Ste-
IDQ%ROW]PDQQFRQVWDQWı î–8 :P–2 K–4). 
Radiative components were measured with the NR01 
radiometer performing separate measurements of 
VRODU UDGLDWLRQ VKRUWZDYH DQG IDU LQIUDUHG ORQJ
wavelength). The spectral response of the shortwave 
UDGLRPHWHUS\UDQRPHWHULVQPDQGLWKDV
DVHQVLWLYLW\RI9:P–2DQGD¿HOGRIYLHZ
RI,WLVDVHFRQGFODVVS\UDQRPHWHUDFFRUGLQJ
WRWKH:RUOG0HWHRURORJLFDO2UJDQL]DWLRQDQG,62
FODVVL¿FDWLRQ V\VWHP ,62 7KH ORQJZDYH
UDGLRPHWHUS\UJHRPHWHUKDVDVSHFWUDOUHVSRQVHRI
QPDVZHOODVD¿HOGRIYLHZRIZLWK
DVHQVLWLYLW\RI9:P–2&DUHZDVWDNHQLQWKH
installation of the instrument to prevent shadows of 
trees, buildings, and other structures from interfering.
NRQ*7.1
Concrete
NRO1
SI111-ITS
Fig. 1. Experimental setup with concrete surface as an 
H[DPSOHZLWKWKHUDGLRPHWHUV15DQG154DQG
LQIUDUHGWKHUPRPHWHU6,,76XVHGLQWKHPHDVXULQJ
campaign. 
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2.3 Estimation of biophysical properties
$OEHGRĮ
7KH DOEHGR Į LV GH¿QHG DV WKH UDWLR RI UHÀHFWHG
UDGLDWLRQKĹWRGRZQZHOOLQJUDGLDWLRQKĻERWK
VKRUWZDYHDWDVSHFL¿FDQJOHRILQFLGHQFH
Į = KĹKĻ 
2.3.2 Atmospheric emissivity (İatm)
7KH DWPRVSKHULF HPLVVLYLW\ İatm) is a measure of 
WKH HI¿FLHQF\ DWZKLFK DQ REMHFW HPLWV UDGLDWLRQ
UHODWLYHWRDSHUIHFWHPLWWHUDEODFNERG\İatm was 
obtained from measurements of downwelling long-
ZDYHUDGLDWLRQLĻDQGDLUWHPSHUDWXUHT), using 
the Stefan-Boltzmann constant:
İatm = LĻısT4 
2.3.3 Atmospheric clearness index (K0)
7KHDWPRVSKHULFFOHDUQHVVLQGH[K0) gives a measure 
of the atmospheric effects at a place on the insolation. 
The clearness index is a stochastic parameter, which 
is a function of time of year, season, climatic condi-
WLRQDQGJHRJUDSKLFORFDWLRQ.XPDUDQG8PDQDQG
2005). This index allows for the estimation of the 
amount of energy dissipated and transformed into 
different processes by solar radiation and is physical-
ly associated with the path of radiation through the 
atmosphere to the surface, whether it be level land 
or sea. K0 was obtained by the expression proposed 
E\&ROOLEHU
K0 = KĻQext 
where Qext refers to extra-terrestrial daily solar radi-
DWLRQ,TEDOZKLFKZDVREWDLQHGE\
Qext Ȇ) Iscȟ0Ȇ/180) ȦsVLQį sinĳ)
FRVįFRVĳ sin Ȧs 
where IscLVWKHVRODUFRQVWDQW :P–2, ȟ0 is the 
eccentricity correction factor for the mean Earth-
Sun distance, į is the declination of the sun, ĳ is the 
ODWLWXGHRIWKHFLW\RI0H[LFDOL), and Ȧs is the 
hour angle of sunrise. The following expressions 
were used to calculate į, ȟ0 and Ȧs:
į  ȆVLQ>Ȇdj@
djLVWKH-XOLDQGD\ 
ȟ0 FRVȆ dj 
Ȧs = –cos–1±WDQį tan ĳ 
2.3.4 Proposal of preliminary net radiation models
7ZRW\SHVRIPRGHOVZHUHSURSRVHGWKH¿UVWEDVHG
on the incoming solar radiation for each type of 
experimental surface and the second in terms of net 
VKRUWZDYHUDGLDWLRQ7KH¿UVWW\SHRIPRGHOLVDOLQHDU
regression, as set forth below: 
Q* = b0 + b1).Ļ 
where b0 and b1 are estimates of the regression con-
stants. This empirical model has shown excellent 
linearity in all studies that have been conducted. 
7KH UHODWLRQVKLS H[SUHVVHG E\(T  SDUWLFX-
ODUO\IRUFORXGOHVVVNLHVLVVWDWLVWLFDOO\VLJQL¿FDQW
.DPLQVN\ DQG'XED\DK $ODGRV et al., 
7KHHYLGHQFHSUHVHQWHGLQWKHVHVWXGLHVKDV
contributed to the general acceptance of the use of 
this model.
+RZHYHUDVH[SUHVVHGE\*D\WKHUHLV
apparent confusion as to the statistical nature of 
WKHPRGHOUHSRUWHGDERYH(TDQGDQDSSDUHQW
failure to clearly recognize the relationship be-
tween the empirical model and the actual process 
of radiation exchange. One alternative is to model 
the relationship of net radiation as it varies with 
WUDQVIHUFRHI¿FLHQW ORQJZDYHOHQJWKȜ), which is 
based on the dependence of LQHWÀX[ORQJZDYH
on KĻ,QWKHQHZSURSRVHGPRGHOHQKDQFHGL* 
LVLGHQWL¿HGDVWKHGHSHQGHQWYDULDEOHDQGFRQVLVWV
of two components, LĻ DQGLĹ 6XFK DPRGHO LV
then proposed as:
Q Ȝ) KL*0 
wherein K* = KĻ±KĹDQGL*0 is the statistical esti-
mate of L* when KĻ 7KHFDVHRIȜLVGH¿QHGE\
the following equation:
Ȝ L* – b1)/K 
The characteristics of the radiation exchange of a 
natural surface are described by a single regression 
model if the longwave radiation emitted by the sur-
IDFHLĹKDVDGH¿QDEOHUHODWLRQVKLSZKHQUHWXUQHG
WRWKHDWPRVSKHUHLĻ
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3. Results and discussion
3.1 Radiation balance
The average values of the radiation balance compo-
nents for experimental surfaces are shown in Table I; 
the expected accuracy is of ± 10% according to the 
PDQXIDFWXUHU¶V VSHFL¿FDWLRQV +XNVHÀX[7KHUPDO
Sensors). Because the measurements were performed 
on different days, the values of Qext, KĻDQGLĻKDYH
differing starting values. However, when performing 
a tWHVWWKHPHDQGLIIHUHQFHZLWKDVLJQL¿FDQFHOHYHO
of 0.05) between the values of Qext and KĻLQGLFDWHV
QR VLJQL¿FDQW VWDWLVWLFDO GLIIHUHQFH0HDVXUHPHQWV
of LĻH[KLELWHGQRVLJQL¿FDQWGLIIHUHQFHLQWKHPHD-
VXUHPHQWVRIDVSKDOWFRQFUHWHDQG3:(3+RZHYHU
differences did exist between grass and clay. Measure-
PHQWVZHUHWDNHQGXULQJFOHDUGD\VZKLFKLPSO\WKDW
factors such as water vapor content and atmospheric 
aerosols could have contributed to the differences.
The radiation balance of each surface is presented 
LQ)LJXUHVWR7KHVH¿JXUHVVKRZWKDWWKHGDLO\ 
patterns of Qext, KĻDQGQ* exhibit similar behavior, 
with the highest values at solar noon for most surfac-
HV+RZHYHU3:(3VXUIDFHVGLIIHUZLWKUHVSHFWWR
the other materials in terms of Q*, both by smallest 
size and the time delay in its maximum value. Re-
ÀHFWHGVKRUWZDYHUDGLDWLRQKĹEHLQJDIXQFWLRQRI
DOEHGRĮ), shows a diurnal behavior dependent on 
the underlying surface and the angle of inclination of 
the solar rays. Longwave downwelling and upwell-
ing radiation, LĹDQGLĻUHVSHFWLYHO\GRQRWVKRZ
WKHFKDUDFWHULVWLFZDYHIRUPRIWKHRWKHUÀX[HVDQG
display slightly more variation in LĹ
3.2 Biophysical properties
)LJXUHVKRZVWKHYDULDELOLW\RIDOEHGRĮ) from 
the surfaces, ranging from 0.12 to 0.82; asphalt, 
with an average value of 0.19, has the lowest value, 
ZKHUHDVWKHKLJKHVWDYHUDJHYDOXH3:(3LV
Thus, asphalt is one of the main contributors to 
a warmer thermal environment because it stores 
Table I. Mean values of radiation balance components in different surface types. 
The QextYDOXHLVDOVRSUHVHQWHG$OOYDOXHVDUHLQ:P–2.
Date  08/10/2011  08/19/2011 08/25/2011Clay Asphalt Concrete 3:(3 Grass
Qext 449.9 445.0 441.0  
KĻ     289.5
KĹ –79.9 –44.9 ± –199.4 ±
LĻ     
LĹ ± –554.8 –544.1 –512.0 ±
Q*     159.0
–1000
–500
0
500
1000
1500
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
E
ne
rg
y 
Fl
ux
  (
W
m
–2
)
Qext K↓ Q* K↑ L↓ L↑
)LJ5DGLDWLRQEDODQFHRQFOD\VXUIDFHDW0H[LFDOL0H[LFRIRU$XJXVW
76 R. García Cueto et al.
Qext K↓ Q* L↓ K↑ L↑
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
–1000
–500
500
1000
1500
E
ne
rg
y 
Fl
ux
  (
W
m
–2
)
)LJ5DGLDWLRQEDODQFHRQDQDVSKDOWVXUIDFHDW0H[LFDOL0H[LFRIRU$XJXVW
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Qext K↓ Q* L↓ K↑ L↑
0
–1000
–500
500
1000
1500
E
ne
rg
y 
Fl
ux
  (
W
m
–2
)
)LJ5DGLDWLRQEDODQFHRQDFRQFUHWHVXUIDFHDW0H[LFDOL0H[LFRIRU$XJXVW
2011.
Qext K↓ Q* L↓ K↑ L↑
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
0
–1000
–500
500
1000
1500
E
ne
rg
y 
Fl
ux
  (
W
m
–2
)
)LJ5DGLDWLRQEDODQFHRQD3:(3VXUIDFHDW0H[LFDOL0H[LFRIRU$XJXVW
77Parameterization of net radiation in an arid city
PRUH LQFRPLQJ VRODU UDGLDWLRQ DQG UHÀHFWV OHVV
&RQYHUVHO\3:(3UHÀHFWVPRUHVKRUWZDYHUDGLD-
tion, resulting in less environmental impact on its 
surroundings. Clay, concrete, and grass had albedos 
FRPSDUDEOHWRHDFKRWKHUDWDQG
respectively.
$WPRVSKHULFHPLVVLYLW\İatm), which is shown in 
Figure 8, exhibited the lowest estimated value for 
clay with 0.78. The other surfaces had emissivity 
YDOXHVEHWZHHQDQG%HFDXVHHPLVVLYLW\LV
dependent on incoming longwave radiation and air 
temperature, which in turn are dependent on water 
vapor and aerosols, we can infer that measurements 
were made on similar days.
The atmospheric clearness index had a range 
EHWZHHQ DQGZLWK WKH ORZHVW YDOXH IRU
DVSKDOWDQGWKHKLJKHVWIRUFOD\)LJ7KHVHYDOXHV
are not dependent on the surface coverage but rather 
LQGLFDWHWKDWRQDYHUDJHRIWKHHQHUJ\DUULYLQJ
at the top of the atmosphere is dissipated before 
reaching the measured surface. Comparisons with 
UHVHDUFK FRQGXFWHG LQ%RJRWi VKRZ WKDW0H[LFDOL
has a more transparent atmosphere on clear days, as 
the average value of atmospheric clearness index in 
%RJRWiZDVHVWLPDWHGDW)RUHURet al., 2008). 
Another study, focusing on the central and southern 
DULGFRDVWDO]RQHVRYHUWKH3HUXYLDQ$QGHVIRXQG
that the minimum and maximum values of atmo-
VSKHULF WUDQVPLVVLYLW\ YDULHGEHWZHHQ DQG
%DLJRUULDet al., 2004).
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Fig. 7. Variability of albedo over different surfaces at 
Mexicali, Mexico in August 2011.
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Fig. 8. Variability of atmospheric emissivity over different 
surfaces at Mexicali, Mexico in August 2011.
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3.3 Preliminary net radiation models
0RGHOVEDVHGRQ(TKDYHGHPRQVWUDWHGH[FHO-
lent linearity and statistical robustness in all studies 
that have been carried out, particularly for a clear 
VN\ ,WZDVQHFHVVDU\ WR DSSO\ WKH'XUELQ:DWVRQ
test to ensure that residuals are not correlated, but 
it was found that no model passed the test, so the 
Cochran-Orcutt transformation was used for the 
response variable and the predictor variable for each 
one of the studied surfaces. It was found again that 
it was impossible to reject the null hypothesis of 
]HURDXWRFRUUHODWLRQVRLWZLOOEHQHFHVVDU\WRVHHN
an autoregressive moving average model type in a 
later study. This fact does not invalidate the pro-
posed models; however, the mean square error may 
underestimate the residual variance, and the standard 
GHYLDWLRQRIWKHHVWLPDWHGUHJUHVVLRQFRHI¿FLHQWPD\
be lower than the actual standard deviation. Because 
WKHFRQ¿GHQFHLQWHUYDOVDQGWHVWVXVLQJWKHt and F 
distribution are no longer strictly applicable, the co-
HI¿FLHQWRIGHWHUPLQDWLRQR2), the standard errors of 
the regression parameters and the root mean square 
HUURU¥ECM) are used as indicators of the quality of 
PRGHOV7DEOH,,
7KHPRGHOVEDVHGRQ(TZKLFKGHSHQGRQ
the measurement surface and prevailing weather 
conditions, are presented in Table III. The R2 values 
IRUWKHVHPRGHOVDUHQRWVLJQL¿FDQWO\GLIIHUHQWIURP
WKH¿UVWSURSRVDO(TH[FHSWIRU3:(3ZKHUH
net radiation is 99% instead of 97%.
This model assumes that radiative equilibrium 
exists between the surface and the atmosphere, 
so no advection occurred during the observations. 
Atmospheric properties have some effect on LĻDQG
consequently, on L*. Because LĻLVJHQHUDOO\PRUH
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Fig. 9. Index of atmospheric clearness at Mexicali, Mexico 
in August 2011. 
7DEOH,,,/LQHDUPRGHOVWRHVWLPDWHQHWUDGLDWLRQQDVDIXQFWLRQRIQHWVKRUWZDYHUDGLDWLRQK¥ECM 
is the root mean square error; R2LVWKHGHWHUPLQDWLRQFRHI¿FLHQWȜLVWKHH[FKDQJHFRHI¿FLHQWORQJZDYHĮ is 
the surface albedo; TSURF is the average surface temperature, and TMXSURF is the maximum surface temperature.
Surface type Model ¥ECM R2 Ȝ Į TSURF TMXSURF
Clay Q* = 0.81K* – 102.0  0.99 –0.19 0.25  
Asphalt Q K* – 85.2 25.1 0.99 –0.14 0.19 42.2 
Concrete Q* = 0.89K* – 85.4 25.1 0.99 –0.11 0.27  58.8
3:(3 Q* = 0.79K* – 48.0  0.99 –0.21   
Grass Q K* – 54.9  0.99 –0.05   44.5
7DEOH,,/LQHDUPRGHOVWRHVWLPDWHQHWUDGLDWLRQQ*) as a function of 
GRZQZHOOLQJVKRUWZDYHUDGLDWLRQKĻ¥ECM is the root mean square 
error; R2LVWKHFRHI¿FLHQWRIGHWHUPLQDWLRQ
Surface type b0 b1 ¥ECM R2
Clay ±  25.4 0.99
Asphalt ±   0.99
Concrete ±   0.99
3:(3 ±  18.2 0.97
Grass ±  14.1 0.99
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stable than LĹZKLFKFDQEHGHWHUPLQHGE\REVHUY-
ing the radiation balance, the effects of the different 
surfaces analyzed in this research are emphasized.
Note that all values of Ȝ are negative, implying that 
surfaces convert solar energy absorbed mostly into 
VHQVLEOHKHDW*D\,WFDQEHREVHUYHGWKDWWKH
value of Ȝ for grass is close to zero, implying that part 
of the energy is also being used for evapotranspira-
tion. Of the measured experimental data, an inverse 
UHODWLRQVKLSEHWZHHQWKHVXUIDFHWHPSHUDWXUHTSURF) 
DQGDOEHGRĮ7DEOH,,,ZDVREVHUYHG
Higher average temperatures were observed for 
surfaces with the lowest albedo, and lower tempera-
tures for surfaces with higher albedos. For grass sur-
faces, the heat spent in evapotranspiration processes 
causes the temperature to be lower than in surfaces 
with similar albedos, such as clay or concrete. One 
important difference in the two models proposed is 
WKHHPSLULFDOVORSHRIDOOREVHUYHGVXUIDFHV:HGLV-
cuss two different surfaces, asphalt and grass, which 
KDYHVLPLODUVORSHVDQGUHVSHFWLYHO\VHH
Table II). The differences in radiation balance are due 
WRGLIIHUHQFHVLQDOEHGRDQGHQHUJ\XVHDQG
respectively, as mentioned above. The difference of 
WKHVORSHLQWKHWZRPRGHOVLVVLJQL¿FDQW)RUH[DP-
SOHIRU3:(3WKHHPSLULFDOPRGHO(TVKRZV
WKDWLIWKHVXUIDFHDEVRUEV:P–2 of incoming solar 
UDGLDWLRQKĻWKHQHWUDGLDWLRQZRXOGLQFUHDVHE\
:P–2+RZHYHUWKHHQKDQFHGPRGHO(T
ZRXOGLQFUHDVHE\:P–2. Therefore, the latter 
model shows that the response model is affected by 
ERWKWKHVXUIDFHDQGWKHDOEHGR$OVRVLJQL¿FDQWLV
that this model has found the net longwave radiation 
L*) to be the independent variable.
To give statistical robustness to the proposal 
of preliminary net radiation models with respect 
to the independence of measurements realized, a 
comparison between the net radiation estimated 
with the NR01 radiometer and the net radiation 
measured with the Q*7.1 radiometer was performed, 
which is shown in Figure 10. The number of data 
used was 120. It is observed that there is a linear 
relationship between these two variables, with a 
FRUUHODWLRQFRHI¿FLHQWRI7KLVLQGLFDWHVWKDW
the components of short-wave radiation and long-
wave radiation can be used to estimate the net 
UDGLDWLRQZLWKVXI¿FLHQWDFFXUDF\UHJDUGOHVVRIWKH
sensor used. At this point, it must be remembered 
that the models were obtained on cloudless days, 
which has as consequence that the determination 
FRHI¿FLHQWVZHUHVXEVWDQWLDOO\KLJKDVLQWKHVWXGLHV
PHQWLRQHGLQVHFWLRQ
3.4 Urban implications
The types of surfaces that most affect human ther-
mal comfort are asphalt and concrete because their 
effects are felt by pedestrians. These surfaces had 
the lowest albedos of all analyzed coverage surface. 
According to the Instituto Municipal de Investigación 
\3ODQHDFLyQ8UEDQDGH0H[LFDOL0XQLFLSDO,QVWL-
WXWHIRU5HVHDUFKDQG8UEDQ3ODQQLQJRI0H[LFDOL
,0,3DVSKDOWDQGFRQFUHWHDUHLQDSURSRU-
tion of approximately 20% in the urban land uses in 
0H[LFDOL%HFDXVHRIWKHLUSK\VLFDOSURSHUWLHVKLJK
heat capacity and low albedo), these materials are 
responsible for the generation of an urban heat island, 
DVKDVEHHQVKRZQLQRWKHUVWXGLHV*DUFía Codrón 
et al., 2004; Bo et al., 2012).
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Fig. 10. Net radiation: Q*7.1 vs. NR01, Mexicali, Mexico, August 2011.
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7KHKLJKDOEHGRRI3:(3VXEVWDQWLDOO\ UHGXFHV
the net radiation, leaving less energy available in the 
surface for sensible heating of the air during the day, 
ZKLFKFRXOGSURYLGHDQHI¿FLHQWPLWLJDWLRQRIWKHXU-
ban heat island and energy savings in the consumption 
RIEXLOGLQJVWKURXJKWKHXVHRIFRROURRIV&RXWWVet al., 
5DGKL,Q0H[LFDOL3:(3LVXVHGRQWKH
URRIVRIEXLOGLQJVKRZHYHUWKHUHLVQRTXDQWL¿FDWLRQ
of the amount of this material being utilized for that 
SXUSRVH$FFRUGLQJWRWKH,0,3RIWKH
surface of Mexicali is for residential use; however, not 
DOORIWKLVSHUFHQWDJHSHUWDLQVWRURR¿QJFRQVWUXFWLRQV
DQGQRWDOOKRXVLQJGHYHORSPHQWVXVH3:(3LQWKHLU
URRIWRSVZKLFKFRXOGEHKLJKO\EHQH¿FLDOLIWKLVPD-
terial became the norm for the construction of rooftops 
for houses and garages in the future. 
Additionally, there is a portion of land that is not 
accounted for when discussing land use in Mexicali, 
although it is an important part of the urban area. 
This large, non-urbanized, vacant portion of land 
RIKDLHRIWKHVXUIDFHRI0H[LFDOLLV
IRUPHGE\FOD\WKHQDWLYHVRLORIWKHUHJLRQZLWK
an albedo very similar to that of concrete and grass, 
and it greatly contributes not only to the intense 
GD\WLPHKHDWLQJVLPLODUWRWKDWRIDVSKDOWEXWDOVR
WRWKHUDSLGFRROLQJDWQLJKW)LJ7KHWKHUPDO
FRQWUDVWEHWZHHQQDWLYHVRLOFOD\DQGXUEDQFRYHU-
DJHVDVSKDOWDQGFRQFUHWHKDVEHHQVXJJHVWHGE\
RWKHUVWXGLHV*DUFtD&XHWRet al., 2009; Casillas et 
al., 2014) as one of the causes of the heat island in 
Mexicali, which is typically a nocturnal phenomenon.
It can be seen from the above comments that this 
UHVHDUFKODFNVDGHWDLOHGDQDO\VLVRIWKHDPRXQWRI
each type of coverage surface discussed citywide; 
therefore, a pending study is needed to estimate the 
spatial coverage of each surface using remote sensing 
and geographic information systems.
In order of numerical importance, the upward 
ORQJZDYH UDGLDWLRQ LĹ LQ WKHPDWHULDOV DQDO\]HG
VHHTable IDUHDVSKDOWFRQFUHWHDQG3:(3$V-
phalt and concrete can increase the thermal load on 
pedestrians, causing great thermal discomfort. Grass 
surfaces, although with an albedo very similar to that 
RIFRQFUHWHH[KLELWHGORZHUWHPSHUDWXUHVRQDYHUDJH
5 &ORZHUbecause of the evapotranspiration pro-
cess. This observation could be used in urban plan-
ning through the use of materials that allow the free 
exchange of water between them and the underlying 
soil, such as a porous materials with low density and 
low heat capacity.
The emissivity and clearness indices of the local 
atmosphere mean that the atmospheric transparency 
of Mexicali results in high net solar radiation. The 
management of the resulting thermal load on the 
exposed population would ideally be done by using 
VXUIDFHVZLWKKLJKDOEHGRVXFKDV3:(3DQGKX-
PLGLW\VXFKDVJUDVVGXHWRWKHHYDSRWUDQVSLUDWLYH
process) to diminish surface temperatures. Further 
research to analyze the importance of native vegeta-
tion in achieving a sustainable environment would 
still be necessary.
This analysis only considers cloudless conditions 
over a 24-h period for each surface type in a typical 
VXPPHUPRQWKLQ0H[LFDOL)XUWKHUZRUNLVSODQQHG
to continue analyzing radiative balance over longer 
periods of time in different weather conditions to 
Fig. 11. Mean diurnal surface temperatures at Mexicali, Mexico in August 2011.
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gain a better understanding of seasonal behavior and 
IXUWKHUFRUURERUDWHRXUFXUUHQW¿QGLQJV
Both preliminary models used in this study gave 
good results. However, we chose the enhanced 
model due to the improved physics, the smallest 
standard error of the regression parameters, and 
GHWHUPLQDWLRQFRHI¿FLHQWVUHVXOWLQJLQPRUHDFFX-
rate estimates.
4. Conclusions
In our analysis of radiative balance, it was observed 
that net radiation is different depending on the sur-
face type at which it is measured. For a 24-h period 
RYHU¿YHGD\VLQ$XJXVWWKHKLJKHVWDYHUDJH
YDOXHIRUQHWUDGLDWLRQZDV:P–2 for an as-
phalt surface. The average net radiation value was 
:P–2 IRU3:(37KLVGLIIHUHQFHLVSULPDULO\
due to the albedo of each surface, as atmospheric 
emissivity and atmospheric clearness index had 
VLPLODUYDOXHV3:(3KDGWKHKLJKHVWDOEHGRZLWK
DYDOXHRIDQGDVSKDOWKDGWKHORZHVWDW
Therefore, asphalt is one of the main factors respon-
sible for a warmer thermal environment because it 
stores more downwelling shortwave radiation and 
UHÀHFWVOHVV%HFDXVH3:(3UHÀHFWVPRUHLQFRPLQJ
VRODU UDGLDWLRQ DSSUR[LPDWHO\  LW SURGXFHV
less sensible heat to warm the surrounding environ-
PHQWZKLFKFRXOGSURYLGHDQHI¿FLHQWPLWLJDWLRQ
of the urban heat island and savings in the energy 
consumption of buildings. Grass, which has a sim-
ilar albedo to concrete and clay, uses some of its 
energy for evapotranspiration; thus, it exhibited the 
ORZHVWPD[LPXPWHPSHUDWXUHRIWKH¿YHFRYHUDJH
surfaces studied. Estimates of net radiation in both 
SUHOLPLQDU\PRGHOVUHVXOWHGLQFRHI¿FLHQWVRIGHWHU-
mination greater than 0.97, but the enhanced model 
is recommended by the authors of this study due 
to the physical parameters involved in its design. 
:HUHFRPPHQGIXUWKHUVWXG\WRFRQGXFWDFFXUDWH
measurements for the entire city and allow for eco-
nomically viable bio-urbanistic planning.
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